Abstract A new type of remote sensing instrument based upon the Fabry-Perot interferometric technique has been developed at NASA's Goddard Space Flight Center. Fabry-Perot interferometry (FPI) is a well known, powerful spectroscopic technique. One of its many applications is to be used to measure greenhouse gases as well as harmful species in the atmosphere. With this technique, absorption of particular species is measured and related to its concentration. A solid Fabry-Perot etalon is used as a frequency filter to restrict the measurement to particular absorption bands of the gas of interest. By adjusting the thickness of the etalon, the separation (in frequency) of the transmitted fringes can be made equal to the almost constant separation of the gas absorption lines. By adjusting the temperature of the etalon, which changes the index of refraction of its material, the transmission fringes can be brought into nearly exact correspondence with absorption lines of the particular species. With this alignment between absorption lines and fringes, changes in the amount of a species in the atmosphere strongly affect the amount of light transmitted by the etalon and can be related to gas concentration.
INTRODUCTION
Warming of the Earth's climate is driven primarily by the absorption of outgoing radiation by heat-absorbing "greenhouse" gases and aerosols. Carbon dioxide is the largest known anthropogenic forcer of climate change. Its concentration has increased by more than 95 ppm in the last 150 years and because of that this era is labeled as Anthropocene era 1, 2 . While the majority of CO 2 variability occurs in the lower atmosphere (~1000 to 800 mbar), satellite instruments measure the total atmospheric column. Since sources and sinks at the surface represent a small perturbation to the total column, a precision of better than 1% is required. The natural geographic distribution and temporal variability of CO 2 sources and sinks are still not well understood, and more monitoring instruments are needed to quantify the carbon dioxide dynamics and to help predict climate change 3, 4 .
The observational foundation of our knowledge of atmospheric carbon processes comes from satellites (Atmospheric Infrared Sounder, SCIAMACHY onboard of ENVISAT) and ground network measurements. The latter consists of two main sources-the long term, in situ CO 2 measurement program led by the NOAA Climate Monitoring and Diagnostics Laboratory and the TransCom 3 transport/flux estimation experiment 5, 6 . These in situ measurements are very precise (uncertainties on the order of 0.1 ppm) and accurate, but are necessarily limited in time and space. Space-based CO 2 data with 1 ppm precisions were predicted to reduce inferred CO 2 uncertainties of annual mean fluxes from greater than 1.2 GtC region−1 year−1 to less than 0.5 GtC region−1 year−1 when averaged over the annual cycle 7 .
The instrument that we have developed detects the absorption of CO 2 , O 2 and H 2 O gases using direct or reflected sunlight 8, 9, 10, 11, 12 . Our instrument employs a Fabry-Perot interferometer and makes use of two features to achieve high sensitivity. The first is high spectral resolution enabling one to match the width of an atmospheric absorption feature by the solid etalon transmission line. The second is high optical throughput enabled by using multiple spectral lines simultaneously. For any species that one wishes to measure, this first feature is available while the use of multiple spectral features can be employed only for species with suitable spectra and freedom from interfering species in the same wavelength region. We have developed an instrument for use as ground based, airborne and satellite sensor for gases such as carbon dioxide (1570 nm), oxygen (762 nm and 768 nm lines sensitive to changes in oxygen pressure and oxygen temperature) and water vapor (940 nm). Our current goal is to improve the precision and to downsize our existing instrument. The smaller version will be inexpensive and may be used as a ground based device sensitive enough to measure column averaged CO 2 and suitable for wide deployment as a validation instrument for the Orbiting Carbon Observatory (OCO) satellite 13, 14, 15, 16 .
II. DESCRIPTION OF INSTRUMENT AND BASIC THEORY
The instrument setup is shown in Fig.1 . The incident light in the CO 2 channel is pre-filtered at a central wavelength of 1570 nm. The light then splits between the Fabry-Perot and Reference sub-channels with 90% of the light going to the Fabry-Perot sub-channel. In the Fabry-Perot sub-channel the light passes through the Fabry-Perot etalon mounted in a temperature controlled oven for fine FSR (free spectral range) tuning. A set of off axis parabolic (OAP) gold mirrors focuses light onto InGaAs detectors for the CO 2 sub-channels and Si detectors for the two oxygen channels. For bringing light into the instrument we use fiber bundles, which intentionally scramble the incident light to remove spatial information. 
where λ is the wavelength, n is the refractive index, d is the thickness of the etalon and θ is the angle of incidence within the cavity, T is the intensity transmission coefficient for each coating and R is the intensity reflection coefficient.
III. EXPERIMENTAL

A. Data taken with the presentt version of the FPICC instrument
When the instrument works as a ground based sensor the CO 2 column is measured through absorption of light by CO 2 in the atmosphere directly between the sun and the ground instrument. We accomplished this by collecting light with a small telescope fixed to an equatorial mount, aligned to track the sun throughout the day. An optical fiber coupled at the rear of the telescope brings light into the instrument. The initial tests indicate that the instrument can detects changes in the CO 2 column as small as 2.3 ppm with a one second average and better than 1 ppm in less than 10 seconds averaging capability. Figure 2 illustrates a typical data set collected over the course of a clear day with the instrument. The ratio of Fabry-Perot to reference signals is inversely proportional to absorption for CO 2 and H 2 O and directly proportional for O 2 which is plotted on an inverted scale. Figure 3 shows the same data plotted as a function of the calculated airmass. The airmass decreases all morning until local noon and then increases until sunset. The O 2 data plotted in yellow essentially lie on top of one another because the atmospheric pressure (and hence the O 2 column) was constant on this day. The CO 2 channel shown in blue has some slight variability. CO 2 is expected to change very slightly on a diurnal basis because of the consumption of CO 2 by plants during the day. CO 2 has also a seasonal variability with maxima in spring and minima in the late summer 19 .
Figure3: Here the ratios from the previous figure are plotted against the calculated airmass. The AM and PM values for O 2 are virtually the same and cannot be distinguished. The CO 2 channel shows some slight variation throughout the day probably arising from consumption by plants. The water vapor channel shows considerable variation consistent with typical changes in humidity throughout a day. More recent data are shown on figures 5 and 6. The water vapor trace is shown in green in Figure 6 . Water vapor has been measured only in the lab and from the ground. The precision is a few percent for one second average. For the airborne or satellite measurements the light passing through the atmosphere reflects on the Earth's surface before entering the instrument platform. The flux entering the instrument is independent of its height above the ground because the area included in its field of view increases at the same rate as its overall collection efficiency decreases. While this approach should be more sensitive to changes in CO 2 because the light passes through the atmosphere twice before entering the instrument, the retrieval of the actual CO 2 column from the measurement is complicated by scattering effects in the atmosphere. The flight hardened version of the instrument was tested at two separate flight campaigns: at NASA Dryden Research Center and at New Hampshire Polar Aura Validation campaign on NASA's DC-8 research airplane. The airborne instrument using light reflected off the ground has a precision of about 2%. The detection limit for the oxygen column pressure changes is as small as 0.88 mbar. The data from the airborne tests were reported and published 8, 9, 11 . The instrument is characterized by high signal to noise ratio, fast response and great specificity. We have performed simulations and instrument designs for systems to detect also CO, 13 
B. New sensor design
In another area of research we are interested in developing a small-size channel for CO 2 capable of doing simultaneous measurements with the AERONET (Aerosol Robotic Network) at NASA, Goddard.
For that purpose we designed a radiometer which has a simpler configuration than FPICC instrument. A picture of it is shown on Figure 7 . The small radiometer consists of two sub-channels -the sub-channel that includes very narrow bandpass filter and the sub-channel, which detects the total light intensity limited by the wide bandpass filter spectral range. A laser scans of the two filters are shown on Fig.8 . The narrow filter is fitting into the gap of the P and R branches of the CO 2 absorption band near 1.57 micron. All other CO 2 absorption lines are blocked by the narrow filter this way. They are however detected by the wide filter making it the active channel for this sensor. The whole system will be placed in a temperature controlled environment during the ground based measurements.
IV. CONCLUSIONS
We presented here a prototype passive Fabry-Perot based instrument for absorption measurements of total column carbon dioxide using sunlight at 1.57µm. This instrument has been demonstrated as a ground based sensor when used in conjunction with a positioning system to follow sun movement. Signals from these data trials were found to consistently track changes in airmass.
Additionally, laboratory experiments and airborne measurements validate the instrument's sensitivity to changes in CO 2 .
The Fabry-Perot Interferometer is a mature technology for ground based or airborne measurement capable of providing high precision and high spatial resolution data of carbon dioxide, oxygen, and water vapor. These measurements can be used directly to validate products from a number of satellites currently operated by NASA and ESA. They can also be used as additional checks on the measurements of some of the lidars and in situ sensors.
